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REVIEW OF SOLUTION APPROACH, METHODS, AND
RECENT RESULTS OF THE TRAC-PF] SYSTEM CODE

John H. Mahaffy,
Dennis R. Liles, and
Thad D. Knight
Safety Code Development
Energy Division
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

The current version of the Transient Reactor Analysis Code
(TRAC-PF1l) was created to improve on the capabilities of its predeccessor
(TRAC-PD2) for analyzing slow reactor transients such as small-break
loss-of-coolant accidents. TRAC-PFl continues to use a semj-implicit
finite—-difference method for modeling three-dimensional flows 1in the
reactor vessel. However, it contains a new stability-enhancing two-step
(SETS) finite-difference technique for one-dimensional flow calcula-
tions. This method 1s not restricted by a material Courant stability
condition, allowing much Jarger time-t#tep sizes during slow trunsients
than would a semi-implicit method. These have been successfully applied
tc the analysis of a varlety of cxperiments and hypothetiecal plant
transients covering a full range of two 'phase flow regimes.
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REVIEW OF SOLUTION APPROACH, METHODS, AND
RECENT RESULTS OF THE TRAC-PFl SYSTEM CODE

INTRODUCTION

In this paper we provide a simple description of the rnumerical methods
used to model two-phase flow in version PFl of the Transient Reactor Analysis
Code (TRAC-PF1)! and eummarize recent results produced by this code. The
maic difference in methods between this and previous versions of TRACZ {g 1in
one-dimensional modeling of flow. It 1is now possible to modal an entire
reactor system with one-dimensional components. This allows the user to take
advantage of the new stability-enhancing two-step method (SETS),a'“ which
removes the material Couraut stability 1limit from all one-dimensional
regions. With this approach, 1t 1is possible to model many problems with much
larger time steps than were previously possible. If necded , a
three~-dimensional vassel optioan s avallable. However, this option still
uses a semi-iwmplicit finite-difference technique, and is thercefore restricted
by the matcrial Courant limit.

The SKETS method was designed to  propagate information needed for
stability with minimal Implicit coupling between spatial nodes. Information
ithout pressure-wave propagation Is provided with a basie gtep, which is
stmply a semi-implicit equation set. A stabilizing step then s added to
provide {nformation about the traopsport of fluld density, energy, aad
momentum across cell boundaries.  Beeause the stabilizing step 18  separated
from  the  bagle  step, this approach has the further advantage that existiag
demi-fmplicit codes can bhe couverted to the SETS method with relative casc.



BASIC EQUATIONS

To demonstrate the TRAC-PFl numerical methods, we will corsider a
simplified model for one-dimensional, single-phase flow in a pipe. The
differential equations for this model are:

dp
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dt P ’ |

23?‘+ VoepeV = -pVeVa+h (T, -1, (2)
and

Wovew=-2vp-ky v . (3)

dt e

Here, K s a wall friction coefficlient that may be a function of veloeity and
fluid properties, h ds a heat-transfer coefficient multiplied by the
heat—-transfer arca per volume of fluid, and T, {8 a pipe wall temperature.

A stagpered spatial mesh was used for the finfue=difference cquations,
with  thermodynamic propertles evaluated at the cell centers and the veloeity

evaluated at the cell cdpes. Only differceance cquations on the
one=dimensional versfon ot this mesh will  be  demonstrated, but  the
poneralization to two- and three=dimenstonal verstons ts not difficult. o

cusure  swtabllfty and  to matntafn consistency with ditterenecing in previous
TRAC versfons, flux terms at cell edpes upre donor cell averages of the form

Y2y "[Yjvjrl/z v Vi e 0

lYJcIVJel/r v Vg <O (h)

Here Y may be oany state varfables  Gther forms of thls averape may malntaln
ntabilfty with Wpher ovder upatial acearaey but they have not been earetully

wtudfed, With  thin notatfon, the one--dimennfonal finfte-ditterence
diverpence operator iu



where A 1s the arza of the « '11 edge and volj the cell volume. The term VVV
becomes

Vitr/z Vierz2 Vo Va2 (Vyerz2 = Vi-172) /8440720 V4172 29

Vi+1/2 Viazzz = Vyer72) B 541720 Vigyza <0) 5 €6)

where ij+l/2 = 0.5 (ij + ij+l)' This cholce of ij+l/2 for equation 6 was
necessary for more accurate calculation of pressure drons in pipes modeled
with a nonuniform mesh than is provided with a donor cell, ij¢1/2.

For the flow model given by equations 1-3, the combination of basic and
stabilizer equation sets can be written Iin several ways without significantly
affecting the results. For example, the stabilizer step may precede the
basic stup for all equations, or the basic step may be done before the
stabilizer step. When the SETS method is adapted to the two-fluid model for
two-phase flow, scveral orderings of the difference equations can cause
growing oiscillations from feedback “hrough Interfacial friction terms. Some
of thesce feedback problems are rather subtle and only occur when the
one-dimeneionnl mesh forms a closed loop. One ordering that {s always stable
begins with the stabilizer step for the cquations of motion, Is followed by a
solution of the basie ecquation set for all equatfons, and ends with n
stabi lizer step for the mass aud energy equations. For this ordering, the
SETS finlto-difference cquations for equations 1=3 are:



STABILIZER EQUATION OF MOTION
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BASIC KQUATLONS
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and

STABILIZER MASS ANI' ENERGY EQUATLONS

(pl'H'l - pn) /At + V. o (pn+lvn+l) =0 (11)
] J j
(pg+lejn+1 - p?cg) /At + vj . (pn+1en+1vn+l)

¢ B vy o et W ey - TP =0 (12)

A tilde above a variable indicates that it is the result of an Intermediate
step and Is not the final value for the time step.

Equations 8-10 are very similar to a one-dimensional gingle-phase
version of the difference equations used for the TRAC vessel component.
These semi-implicit equations can be obtained by dropping all tildes from
equations 8-10 and replacing the VW in equation 8 with Vﬁ+1/2 Vj+l/2Vn' In
addition, the pressurce work term for the three-dimensional energy equation i3
pl v . vitl rather thar p"*tl v . vl This change in the work term was mado
berause in the three-dimensional numeries, onl the 1lincarized flow
cquatfons are solved, and the liacarlzed form of p"tl v . vitl  can produce
nonphysical results for sudden, unexpected changes {n pressure.

The heat—transfer term hY (TS - Tn+l) was written in this form to
minimlize coupling between the hydrodynamie  and  hoat-traunsfer solution
procedures. To maintaln stabllity in repglons of rapid change of h, " Is an
average of the heat-transfer coefficltent evaluated at time level n o and  the
pveragaed cocfficiont from level n-1 (b = 0.45 W+ 5.550 ). An
oxperfmental verslon of TRAC=PFI existe with fully dwmplfeft  heat-transfer
terms, [h“+l ('l‘{}+l - 'l'"“)l.‘-i

The material Courant astability lmit {s eliminated by treatment of the
terms VYWV, VepV, and VepeV during the two steps. These are the rterms
Involved In the tntormat fon  propagatfon that was  alscussec In the
Introduction. Protectfon against some other fnstabfl{ties has been  obtalned
with the partiealar form lor the triction terms and the use of nonzero values
of 1 In the VYW terms. These special terms for friction and VYW are obtalned
hxtlll“v”ﬁ}?l"“ wlmlh?y terms L?Tl are Tally fepliceit fn veloelty (Kj+|/2
ikl WVt ™ VgV v )

B Equat ton /7 simnly represents a tridiagonal Haear system {n the unknown
V"'l ad da aolved trst. Next, the coupled nonlinear syscem given by
veuat fons 8-10 g nolved. Detalles of  the solutton  procedure for thege
vquat fons are presented in the tollowing wectfons Onee thess cquat fons ar
nolved, vittl gy kunown;  henee  equations HLooand 120 are wlmple tridiagonal
Huear syatems, with unknowns pw'l il p?'lvl"'!. renpect fvely.



When this equation set 1s adapted to flow in complex piping networks,
the pure tridiagonal structure 1s lost. However, the matrices are still
sparse and easily solved.

A standard linear stability analysis predicts unconditional stability
for this set of difference equations; a result verified by a large number of
computational test problems. However, at very large time steps, functional
forms for the friction factor containing a strong velocity dependence can
drive instabilities, as can a strong vold-fraction dependence for interfacial
friction in the two-fluid model. This is why the method is referred to as
stability enhancing ratyer than unconditionally stable.

Because the basic form of the finlte-difference operators (both spatial
and temporal) 1s consistent between the two steps, the order of accuracy of
the full SETS equations is the same (first order in space and time) as the
basic semi-implicit equations 8-i0. This consistency appears necessary to
prevent the development of feedback oscillations between the two steps. It
also has the advantage of ensuring that, for modest time-step sizcs, the
results of any SETS calculation will approach those of the basic
semi-implicit equations.

We have found the SETS method particularly valuable when applied to the
full two-tluid model of two-phase flow, For this model the stabilizer
cquations add less than 207 to the computational cost per cell per step of
the basie equation set. A fully {mplicit method nultiplies this cost by a
factor of 6. The full finite-difference cquations for the two-fluid model
are given In the TRAC-PF]l manual, Jucluding a wuseful varifation on the
finfre—difference divergence operator.

SOLUTION OF THE BASLC FQUATLON SET

The tirst step 1o the solution of the basfe (semi-fmplicit) equation
s5et i8 to rearrange the motjon equation to obtain the new time velocity as a
Hnear functfon of new time pressures.  For cequation 8 this results in  the
relation

;n+l ;n#l
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whore L ) 4 1/20 Glven this relation, the devivatfves of veloefty with
reRpect Lo pressure e
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Equation 13 and thermodynamic equations giving p(p,T) and e(p,T) are
substituted 1into equations 9 and |0 to give a coupled system of nonlinenar
equations with unknowns p3+l and T3l (tildes have been dropped to simplify
notation). The soiution of this system 1s obtalned with a standard Newton
fteration. Given the latest guesses p'%+l and T3“+1 for pressures and
temperatures, we assume the solution to he

pq+l = pa"+l + Bpi (16)
and
T?+l - T%n+l + éTi . (17)

The normal  procedure  for starting this Linearization is to make an Injtial
guess for the new time pressure and temperature of p/"Hh o W oang ol o ooy
However, when using SETS, an extra eall to the thermodynanie subroutines ean
be waved by taking p 0 o B0 g et oy

After subatituting equations 13-1/7 {nto the basle cquation set, making
the  necessary Taylor serfes expanstons, and atter discardiopg nonlinear teras
1 Ap, and r’)'l“, the resuiting Hinear mass and enerpy  equat fons  are fn the
torm ° '
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) = by + c5(8pyy = bp;) - dy(bpy = bpy_p) (18)

where B Is a 2 x 2 matrix. For the one-dimensional numericsI the firsr step
of the solution procedure is to multiply this equation by B~ (acconp .ished
with a linear system solver), ylelding

“d1,5 pgmy v (L ¥ df gy +el )05 - e,y OPgel T by (19)
and
where b’ = B_lb, etc. All coefficients are stored, and then the set of

equnttoﬁs rep:esthed by 19 is solved for all §p;. Finally, the known vzlues
for pressure variations are suhstituted {intou equation 20 to obtain
temperature changes, and are used with equations 14 and 15 for wupdated
velocities. Given these changes, the next guesses for new time pressures and
temperatures are generated and used to obtaln densities and energles. If
changes {in 6T and &p are oo large, these guesses are used te return to
equations 16 and 17 to relinearize for another iteration for the
one-dimensional equations. As previously noted, the three-dimensional flow
equations are not relinearized. In this case, time step controls are used to
assurc the accuracy of a single linear{ization.

The principal differaence in solution procedures between the
onc—~dimens{onal and three-dimensional equntion sets comes in the actual
solution of the 1lfinearized pressure ecynation 19. For one dimension,
direct-solution techniques always are employed. If too many cells are
present In the three-dimensional model, an {terative method 1s applied. (See
reference 1 or 2.)

Currently, the Jacoblan for the system 15 re—-evaluated on  cach
lteration. This may not always be necessary, but for steam—-water tlows with
phase change, 1t 1s often {mportant for rapid couvergence of the {teratioa.



CODE AVPLICATIONS

Because TRAC-PFl has been available to the public for only one year,
most results have come from code as:iersment caleculations. Before the release
of the code, we subjected it to developmental assessment. Foilowing the
release of the code to outside users, we began the independent assessment.
Developmental assessment 1is concurrent with the final stag:s of cecde
development, and the fina' calculations are made with the released code
version. Independent assessment uses a fixed code version, and no model
changes are allowed 1in the code. Both types of assessment compare code
caleulations to data from various experiment facilities. The experiments
include separate-effects tests investigating phenomena such as natural
eirculation, critical flow, ~nd rcounter-current flow. However, the bulk of
the assessment Involves comparisons to data from integral tests that simulate
ali necessary nuclear-reactor systems and that include multiple phenomena
important to reactor safety.

We have analyzed tests from the Marviken critical-flow facility, from
the Semiscale facility, an electrically-powered simulator, and from the Loss-—
of-Fluid-Test Facility (LOFT), a nuclear reactor designed to conduct tests.

The Marviken c.)mpari.sons6 1emonstrate the capablilities of the new
critical-flow model. The analyses7 tor Semiscale Tests S-07-10D, S-SB-P}l,
and $-SB~P7 show data comparisons for small-break loss-—of-coolant-accident
(LOCA) simulations. Test S-07-10D is a small-break LOCA with delayed
emergency core cooling {ECC). Tests  S-SB-Pl and S$S-SB-P7 investigate the
sensitivity of a small-break LOCA to pump operation. The analysesB for
Semiscale Tests S=UJT-6 and S-UT-7 investigate the sensitivity of small-break
LOCA to upper~head injection of ECC water. The analysis? of Semiscale Test
S-06~-3 demonstrated the large-break-lL0CA capability of the code. LOFT Tests
1.5—1 and LB-2, intermediate~brceak LOCAs, have been analyzed; 10 Test 18-2 had
gelayed ECC and investigated the effect of restarting the pump. The various
data comparisons show that the code can caleculate the phenomena important to
1LOCA.

We are boeginning to analyze tests that demonstrate the non-LOCA
capabilities of the code. These tests slimulate operational transients and
the fallures of various systems. The Inltial data r‘ompﬂrisonﬁ11 are for LOFT
Test 1,9-1/L3-3. The infitial phase of this test simulated the loss of
{eedwater to the secondary and included a delayed reactor seram. The second
phase of the test Included a failure of the power-operated relief valve on
the pressurizer. In addition to demonstrating the eapabilities ot the code,
the analyses showed the [mportance of detalled modeling of all structural
miasses. We have analyzed one real reactor transient,l? the loss-of-feedwatoer
translent at the Crystal River power plant. This transicent was less  severe
than  the  LOFT Test L9=1/L3- 73, but included a detafled modeling of the once-
throuph steam generator,

Current ly, the assessment process s continufuy with  the analyses ol
additfonal, more varied tests.  Also, Los Alamos (s using TRAC-PFI to analyze
hypothesized power—plant transtonts that are lwportant  to  the question  of
pressurized  thermal shock to the reactor vessels. Finally, we are uslup the
codve ta pertorm Targe=break-LOCA caleulatfons (n support ot experiments.



The accumulated experience in the application of TRAC-PFl indicates
that the code generally 1s applicable to a very wide range of thermal-
hydrauliec transient~ and phenomena. The data comparisons have indicated tne
need for 1Improvement 1In some of the constitutive relations, but the
fundamental set of field equations, together with the differencing scheme and
numerical techniques, is very [lexible and stable.

CONCLUSIONS

The methods presented here have proven to be extremely reliable tools
for reactor safety analysis. They can handle a wide range of [luid
conditions and time scales with minimal failures, while maintaining time-step
sizes well above those possible with most other techniques. This robustness
is due not only to the finite-ditferenece equations themselves, but also to
the choice of solution tachnique, because poorly chosen {terative solution
proceduraes often require a limit on the time-step sizc¢ for pruper coaverpgence
ol the lteration.
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